The experiment was conducted to evaluate effect of dietary bovine lactoferrin (bLF) on lipid peroxidation and activities as well as mRNA levels of antioxidant enzymes of piglets. Duroc × Landrace × Yorkshire crossbred female piglets (n=120, 35 days of age, liveweight 9.70 ± 0.71 kg) were fed a diet containing 0, 1250, or 2500 mg/kg bLF for 30 days. After completion of the feeding experiment, twelve female piglets with 4 animals in each treatment were randomly selected to determine malondialdehyde (MDA) and total antioxidant capacity (TAOC) levelsczinc-superoxide dismutase (CuZnSOD), glutathione perioxidase (GPx), catalase (CAT) activities in serum and liver, and CuZnSOD, GPx and CAT mRNA levels in liver. Results showed that piglets treated with 2500 mg/kg bLF significantly increased (P<0.05) TAOC levels, the activities of GPx, CuZnSOD and CAT, and mRNA levels of CuZnSOD, GPx and CAT, and decreased (P<0.05) the contents of MDA as compared with control. Supplementation with 1250 mg/kg bLF also increased (P<0.05) the activities of CuZnSOD, GPx and CAT and mRNA levels of GPx and CAT, and decreased (P<0.05) the contents of MDA as compared with control, but the effect was not better than that of dietary addition of 2500 mg/kg bLF (P<0.05). The study indicated that addition of bLF improved the antioxidant function of piglets by up-regulation of mRNA levels and activities of certain antioxidant enzymes associated with free radicals metabolism.
INTRODUCTION
Free radical and other reactive oxygen species (ROS) are generated by all aerobic cells and are known to participate in a wide variety of deleterious reaction (Freeman and Crapo, 1982) . In normal conditions aerobic organisms are protected against oxidative damage by a variety of antioxidant systems. The antioxidant system is divided into two groups as enzymatic and non-enzymatic. Enzymatic system include superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase (CAT) (Luo et al., 2004) . Non-enzymatic antioxidant system, which consists of vitamin E, vitamin C, Se, β-carotene, lycopene and metal chelators such as transferrin and lactoferrin, has been shown to react with organic free radicals and protect biomembranes. There is often an interaction between different antioxidant defence systems (Moldeus, 1995) . Iron can damage tissues by catalysed the conversion of superoxide and hydrogen peroxide to free radical species that attack cellular membranes, proteins and DNA (Gutterigde et al., 1982) . Proteins sequester iron to reduce this threat.
Lactoferrin (LF) is a monomeric, cationic iron-binding glycoprotein that is present in milk, saliva and other exocrine secretions as well as in neutrophil granules (Natsuko et al., 2004) . LF is a member of the transferrin family characterized by a carbonate-dependent, high affinity and reversible binding of two Fe 3+ per molecule yielding a pink complex (Baker and Baker, 2004) . LF has a number of biological functions. In addition to its antimicrobial activity, LF may function in intestinal iron uptake and regulation, immune response, growth factor activity, bone growth and antioxidant activity (Steijins and Van Hooijdonk, 2000; Cornish et al., 2004) . LF rarely provides metal for the nutritional requirements of the cell except in the neonate. However, during an inflammatory state, a recognized function of lactoferrin is the transport of iron across cell membranes to be deposited in the ferritin of monocytes and macrophages (Van Snick et al., 1977) . With the use of specific receptors, both these cells bind lactoferrin, and the glycoprotein is internalized. The binding site for lactoferrin is different from that for the transferrin receptor, and the two ligands do not cross-react with the receptors (Roiron et al., 1989) . Lactoferrin is also thought to serve as an antioxidant since iron bound to the protein is unable to participate as a catalyst for the generation of the hydroxyl radical. The unique function attributed to the protection of LF from iron-induced lipid peroxidation (He and Furmanski, 1995) . Lactoferrin inhibited oxidation in a concentration-dependent manner even at concentrations beyond its capacity to bind iron at its two highly affinity binding sites (SatueGracia et al., 2000) . The antioxidant activity of bLF has been demonstrated in different biological and chemical environments. Bovine LF has been reported to lower lipid peroxidation by decreasing the conversion of H 2 O 2 to OH by the Fenton reaction by sequestering iron (Shinmoto et al., 1992) . Supplementation of lactoferrin in the diet of preterm infants also attenuated iron-induced oxidation products (Reghuveer et al., 2002) . The chemopreventive potential of bLF may be attributed to its antioxidant properties. In the buccal pouch, lactoferrin reversed the susceptibility to lipid peroxidation and simultaneously increased the GSH/ GSSG ratio and GPx activity (Chandra Mohan et al., 2006) . A study demonstrated that over than 60% of administered bLF survives passage through the adult human stomach and enters the small intestine in an intact form (Troost et al., 2001) . Some parts of ingested LF are likely to be not fully digested and to be present in the lower gastrointestinal tract. Orally administered LF exhibits several beneficial effects at sites other than the digestive tract. In the case of infants or adults with injury in the intestine, it is possible that ingested LF enters the blood circulation and acts systemically. Based on the large body of accumulated evidence, it is rational to consider that oral bLF or its digested products acts initially on the intestinal immune system and then augments the protective immunity systemically (Teraguchi et al., 2004) .
Up to now, the effect of dietary bovine lactoferrin on antioxidant systems of piglets has not been reported. The current study was conducted to determine the effect of dietary bovine lactoferrin on lipid perioxidation and the activities and mRNA levels of antioxidant enzymes of piglets, and investigate possibilities of using exogenous antioxidants in strengthening endogenous antioxidant defense.
MATERIAL AND METHODS

Drugs and chemicals
Lactoferrin (concentration of Fe 1.54 μg kg -1 ) used in the current study with purity of 92.2% determined by high-performance liquid chromatography (HPLC) analysis was isolated from bovine colostrums and purchased from Tatua Co-operative Dairy Company Ltd. (Tatuanui, Morrinsville, New Zealand). Analysis by HPLC involved the use of an LC10 low-pressure gradient system (Shimadzu, Tokyo, Japan), a C4 column (Asahipak C4P-50 4D) and UV detection at 280 nm as described previously (Abe et al., 1991) . Assay kits for protein, MDA, CuZnSOD, GPx, CAT and TAOC were obtained from Nanjing Jiancheng Bioengineering Institute.
Animals and experimental design
This experiment was approved by the Institutional Animal Care and Use Committee at Zhejiang University and was conducted in accordance with the National Institutes of Health guidelines for the care and use of experimental animals. The feeding trial was carried out in the Swine Research and Teaching Farm at Zhejiang University. Duroc×Landrace×Yorkshire female piglets (n=120), 35 days of age and weighing 9.70±0.71 kg, were randomly assigned to three treatments. The piglets had been weaned at 28 days after birth. Each of these groups consisted of four replications (i.e. pens) with ten pigs per replicate. The treatments received the same basal diet and supplemented with 0, 1250 mg/kg bLF, or 2500 mg/kg bLF, respectively. Diets were formulated to meet or exceed requirements for all nutrients. No antibiotic was included in diets (Table 1) . The treatment diets (1250 and 2500 mg/kg bLF) were prepared by following processes. Intitially, the calculated amounts of bLF were carefully premixed with small portions of maize starch, and these premixes were then finally mixed into the feed previously supplemented with the recommended levels of all other nutrients. The feeding trial lasted for 30 days after seven days of adaptation period. All pigs were housed in an open-front pig barn with concrete floor and the size of the pens used was 350×350 cm. A dry/wet feeders with two waterers was allocated in each pen for pigs. During the 30-day feeding trial, all pigs were given ad libitum access to feed and water. Feed consumption per pen was recorded daily, and pig weight was measured at 15-day intervals. Each day, feed refusals per pen were measured and subtracted from the total feed intake.
Sample collection and assay
Sampling procedure. At the end of the feeding trial, twelve female piglets with four animals each treatment (one animal each pen) were randomly selected based on similar body weight for sampling. The pigs were fasted 12 h and euthanized by bleeding after intramuscular injection of sodium pentobarbital solution before slaughter. Blood samples (10 ml per pig) were drawn in collection tubes by venipuncture of the anterior vena cava of pigs at approximately 8.00 a.m. before slaughter, then centrifuged at 1000×g at 4°C for 10 min, serum was separated and packed in Eppendorf tubes respectively. Liver samples for antioxidant enzymes activity and mRNA levels, TAOC and MDA assays were collected from each animal immediately after postmortem and packed in plastic bags. All samples were frozen by immersion in liquid N 2 and stored at -70°C until needed for analysis.
GPx, CuZnSOD, CAT, MDA and TAOC assay. CuZnSOD activity was analysed by monitoring the inhibition of the reduction of nitro blue tetrazolium by the sample at 560 nm (Winterbourn et al., 1975) ; GPx activity was detected with 5-5'-dithiobis-p-nitrobenzoic acid (Hafemen, 1974) ; CAT activity was determined using the method of Aebi (1984) in which the initial rate of hydrogen peroxide decomposition is determined. Samples were evaluated by the spectrophotometric method based on the reaction between MDA and thiobarbutiric acid (TBA). 1,1,3,3, Tetraethoxypropane was used as the standard solution (10 nmol/ml). Absorbance was measured at 532 nm using a spectrophotometer (Spectronic Instruments Inc., NY, USA). MDA (nmol/mgprot)=[A(sample)-A(sampleblank)]/[A(standard)-A(standard blank)] × standard solution concentration/protein content (mgprot/ml) (Placer et al., 1966) ; the TAOC was measured by the method of ferric reducing/ antioxidant power assay (Benzie and Stain, 1996) . For biochemical assays, liver tissues were homogenized in 0.1 g ml -1 wet weight of ice-cold isotonic physiological saline and centrifuged at 5000×g for 10 min at 4°C. The supernatants and prepared serums were then subjected to the measurement of GPx, CuZnSOD, CAT, MDA and TAOC levels by spectrophotometric (spectrophotometer: Spectronic Instruments Inc., NY, USA) methods as described above. The activity of the enzyme was expressed as units per mg protein (for tissues) and units per ml (for serum).
Determination of antioxidant enzymes mRNA levels
RNA isolation. Total RNA was isolated from liver by using TRIzol (Invitrogen Life Technologies, Carlsbad, CA) according to the manufacturer's manual. After pulverization and homogenization of the tissue, the homogenate was extracted with chloroform and then precipitated by isopropanol. The resulting pellets of total RNA were dissolved in ultra-pure water; the purity and concentration of total RNA were measured by a spectrophotometer at 260 and 280 nm.
RT-PCR.
RT-PCR was performed in a thermocycler (Gene Amp PCR system 9600, Perkin Elmer Cetus Instrument, USA). Two micrograms of RNA isolated from each sample was reverse transcribed using oligo (dT)15 primer (Promega, Madison, USA) and an RNA PCR kit (AMV) (Promega, Madison, USA), essentially according to the manufacture's protocol. The cDNA equivalent to 160 ng total RNA was subjected to PCR using Taq DNA Polymerase (Promega, Madison, USA) in a 50 volume containing 2.5 mM Mg 2+ , 0.4 μM each sense and antisense primer. The PCR primer sets used are shown in Table 2 . Primer Table 2 . Primer pairs used in the RT-PCR reactions 1 GPx -glutathione perioxidase; CuZnSOD -copper-zinc-superoxide dismutase; CAT -catalase 2 S -sense primer; AS -anti-sense primer sequences for GPx, CuZnSOD, CAT and 18S rRNA housekeeping gene were designed by using the Primer Program of the Winsconsin Sequence Analysis Package (Genetics Computer Group, Inc.) based on known sequences deposited in Genebank. The optimum PCR reaction cycles and concentration of Mg 2+ to give a linear amplification of each transcript were determined by a preliminary experiment (data not shown). The PCR profile for 18S rRNA included denaturation at 94°C for 2 min, followed by 23 cycles of denaturation at 94°C for 50 sec, annealing at 52°C for 50 sec, and extension at 72°C for 1min, and a final extension at 72°C for 10 min. The PCR profile for GPx, CAT and CuZnSOD was similar to 18S rRNA except cycles of 29.
Data analysis
Electrophoresis band intensities of the PCR products were quantified using Image Master VDS software (Amersham Pharmacia Biotech, Uppsala, Sweden). Mean antioxidant enzymes mRNA levels normalized against 18S rRNA levels from liver tissue of piglets from each treatment were presented in absolute integrated density. All analysis were performed in duplicate. The data were analysed by ANOVA using the general linear model procedure of SAS (SAS Inst. Inc., Cary, NC). Differences between treatment means at the 5% level were determined using the least significant different test.
RESULTS
Lipid peroxidation and antioxidant defenses
The determined results of MDA, TAOC, GPx, CuZnSOD and CAT levels in serum and liver of piglets are shown in Tables 3 and 4 , respectively. The dietary CuZnSOD -copper-zinc-superoxide dismutase; CAT -catalase addition of 2500 mg/kg bLF significantly (P<0.05) increased the TAOC, GPx, CuZnSOD and CAT levels in serum and liver of piglets, and significantly decreased MDA levels in serum and liver of experimental piglets as compared with control.
Similarly significant (P<0.05) increases in GPx, CuZnSOD and CAT activities and significantly (P<0.05) decreases in MDA were found in piglets fed the diet treated with 1250 mg/kg bLF as compared with control. Moreover, supplementation with 2500 mg/kg bLF was more effective than supplementation with 1250 mg/kg bLF in enhancing antioxidant function of piglets.
Antioxidant enzymes GPx, CuZnSOD and CAT mRNA levels
The effect of supplementation with 1250 or 2500 mg/kg bLF on antioxidant enzymes (GPx, CuZnSOD and CAT) mRNA expression in liver of piglets was investigated. The electrophoresis results of four piglets of each experimental groups are shown in Figure 1 . Electrophoresis band intensities of PCR products 
DISCUSSION
In our previous study, we investigated effect of lactoferrin on growth performance, intestinal morphology, and expression of PR-39 and protegrin-1 genes in weaned piglets (Wang et al, 2006) , and exploited the silkworm, Bombyx mori, as host for the recombinant baculovirus harboring the porcine lactoferrin (PLF) gene to produce the recombinant PLF (rPLF) (Wang et al., 2005a) . In addition, we evaluated the developmental gene expression of lactoferrin (LF) and the effect of supplementary iron on gene expression of LF in the mammary gland of mice, which demonstated that iron significantly increased LF mRNA on d 1 and 25 of lactation (Wang et al, 2005b) . In the present study, we studied the effect of dietary bovine lactoferrin on antioxidant systems of piglets. MDA is a main marker of endogenous lipid peroxidation and the activity levels of the antioxidant enzymes (GPx, CuZnSOD and CAT). In the current study, supplementation with 1250 mg/kg and 2500 mg/kg bLF both significantly decreased the MDA levels in serum and liver of piglets, which indicated that bLF could protect from lipid peroxidation of piglets. Antioxidant enzymes are considered to be a primary defense that prevents biological macromolecules from oxidative damage. In the present study, GPx, CuZnSOD and CAT activities in serum and liver substantially increased from piglets fed bLF treated diet. It is likely that the increase in the activity of GPx, CuZnSOD and CAT are the main factors of decrease in lipid peroxidation. In addition, the substantially higher levels of antioxidants in the liver suggest that tissue antioxidant requirement is dictated by metabolic rate. The role of liver for the storage of iron is basic (Bonkovsky, 1991) . The liver has first-pass access to dietary nutrients and can readily take up an amount of circulating iron that exceeds the binding capacity of plasma transferrin. Hepatocytes have both transferrin and ferritin receptors as well as for haemoglobin, haptoglobin, and heme, and get iron from all these molecules, especially of ferritin coming from Kupfer cells (Bonkovsky, 1991) . In this study, we also investigated the TAOC of the experimental piglets. The increase in TAOC of serum and liver from piglets fed the additional bLF diets suggested that increase in the non-enzymatic antioxidant defense probably contributed to protect from endogenous lipid peroxidation and oxidation.
Supplementation with bLF also induced mRNA expression of GPx, CuZnSOD and CAT in liver of in piglets. The enhanced activity of GPx, CuZnSOD and CAT and increased TAOC in the piglets can be very effective in scavenging the various types of oxygen free radicals and their products. So the inhibitory effect of bovine lactoferrin on lipid peroxidation might be, at least in part, attributed to its influence on the antioxidant enzymes and non-enzymatic system. In addition, it is possible that the effect of bLF on GPx, CuZnSOD and CAT activity was associated with its induction on gene expression of GPx, CuZnSOD and CAT. Iron is a component of some enzymes such as SOD and CAT (Mccord, 1998) . The iron-sulphur cluster and iron-protoporphyrin (i.e. heme) are cofactors of these enzymes. The increase in mRNA levels of CuZnSOD and CAT in liver with the dietary bLF treatments may be ascribed to an induction of iron. On the other hand, the possible mechanism of action was related with dietary antioxidant such as Se and vitamin E, which may also accelerate gene expression of antioxidant enzymes.
Many researches have shown that lactoferrin possesses antioxidative properties (Rebelo et al., 1995; Satue-Gracia et al., 2000) . In this study, the determined results demonstrated that dietary 2500 mg/kg bLF significantly increased activity and mRNA expression of antioxidant enzymes, TAOC, and reduced risks of lipid peroxidation of piglets. The possible mechanisms may be related to the physicochemical properties of lactoferrin. A study demonstrated that over than 60% of administered bLF survives passage through the adult human stomach and enters the small intestine in an intact form (Troost et al., 2001 ). These intact bLF and partially digested bLF peptides, which retain biological activities, may exert various physiological effects in the digestive tract. Orally administered LF exhibits several beneficial effects at sites other than the digestive tract (Wakabayashi et al., 2006) . The detailed molecular mechanisms must be elucidated in future studies.
Iron has a well-documented ability to initiate oxidative stress via the generation of cytotoxic hydroxyl radicals through the Fenton reaction (Fillebeen et al., 1999) . The living organisms are protected from iron-mediated oxidative damage by two mechanisms. To prevent this oxidative attack, proteins sequester iron. Iron ions circulate bound to plasma transferrin, and accumalate within cells in the form of ferritin (Harrison and Arosio, 1996) . To prevent an excess of storage, the absorption of iron is finely regulated. Lactoferrin has long been recognized as a member of the transferrin family of proteins and an important regulator of the levels of free iron in the body fluid of mammals (Baker and Baker, 2004) . Lactoferrin may have an important role by binding pro-oxidative iron ions (Lindmark-Mansson and Akesson, 2000) . Lactoferrin, not depending on the source of its obtaining, is an efficient iron chelator and decreases intensity of peroxidative processes (Sandomirsky et al., 2003) . Its ability to bind ferric iron can be well understood in terms of its three dimemsional (3D) structure. Lactoferrin contains two high-affinity ferric iron binding sites and is thought to function as host defense in part by sequestering iron (Weinberg, 1993) . Lactoferrin is thought to serve as an antioxidant since iron bound to the protein is unable to participate as a catalyst for the generation of the hydtoxyl radical (Britigan et al., 1986) . By its function as an iron chelator (Shinmoto et al., 1992) , LF might also be considred as an oxidative stress detoxificant. On the other hand, the possible mechanism of action was that dietary bLF accelerated absorption of iron. Lactoferrin inhibited oxidation in a concentrationdependent manner even at concentrations beyond its capacity to bind iron at its two highly affinity binding sites (Satue-Gracia et al., 2000) . The current determined results also demonstrated that the additional 2500 mg/kg bLF to diet had better effect than corresponding additional 1250 mg/kg bLF in strengthening endogenous antioxidant defence systems and reducing lipid peroxidation.
CONCLUSIONS
This study showed that dietary bovine lactoferrin decreased lipid oxidation, enhanced antioxidant enzymes activity and mRNA levels. We would speculated that exogenous bovine lactoferrin could be used in strengthening the endogenous antioxidant defence systems and thereby reduced the risks of lipid peroxidation. By capturing the iron in some organs or tissues, LF may act as a natural scavenger of reactive oxygen species (ROS). Since the effects of exogenous lactoferrin on endogenous antioxidant systems in piglets has received little attention. The exact mechanism needs further investigation. Future research will be necessary to elucidate possible mechanisms of action of lactoferrin for protection against oxidative damage so that additional strategies may be developed for strenghthening endogenous antioxidant defence.
